Abstract. Autonomous navigation is an essential component of an indoor mobile robot. For an interactive user experience the robot should be able to understand multiple navigational tasks and perform them as optimally as possible. User may issue multiple random destinations to the robot to reach in a scenario like nding the elderly person, but to navigate randomly may result in an inefcient robot manoeuvring and may delay the process of nding the elderly person in the environment. To enhance the navigational efciency, ordered and organised navigation based on certain cost function is required. In this paper, we are focusing on the need of organisation of navigational tasks keeping in view the unstructured and dynamic nature of the home environment. To achieve speed and accuracy in navigation, a detailed representation of the environment and a better evaluation of the cost function to organise the tasks is required. Navigation is based on grid map generated using laser scanner and sonar sensors mounted on the small sized indoor robot, ARTOS. The Navigational Cost is used for organising the tasks and is computed using A* algorithm to determine path to the destination.
Introduction
Demographic situation in most industrialised countries reveals a great number of elderly people in the society. These people, despite having mental or physical disabilities, prefer to live in their homes rather than the assisted living facilities. Such people are often unable to perform common household tasks in a comfortable manner and require services of care giving people to perform tasks for them. Sometimes it is not possible to maintain the services of such helping staff for simple tasks such as carrying small objects from one place to another or serving the guests. This issue along with the increasing cost of assisted living facilities suggest use of modern technology for helping elderly people living alone in their homes. Many research groups are working with the aim to lower the nursing costs in the home environment and increase the quality of life of elderly persons. Care-o-bot II [5] and Paro [12] are examples of such efforts.
Autonomous Robot for Transport and Service (ARTOS), Fig. 1 , is an initiative to provide services to elderly people, living alone in their homes, considering the factors of cost and quality of service. It is equipped with laser scanner, sonar sensors, RFID reader and a Pan-Tilt-Zoom camera. It is capable of generating map of the environment, navigating autonomously in the environment while avoiding obstacles and carrying objects from one place to the other [1] . The control system is based on MCA-KL . Many components are developed as behaviours of behaviour based control architecture iB2C [9] .
Being smaller in size, ARTOS can easily move through door ways and closely placed furniture in the apartment. It is also capable of establishing a telecommunication service between the elderly person and the care-giver using wireless Internet. Moreover, it can be tele-operated by the health-care personnel to detect medical emergencies.
To remotely detect medical emergencies it is necessary that ARTOS should be capable of handling multiple navigational tasks given by remote care-givers, and it should complete all these navigational tasks in shortest possible time. Selecting such tasks randomly can effect the performance of the robot. Unfortunately, the home environment does not provide an easy to navigate place for robots. Therefore, ordering the navigational tasks will make the navigation of the robot faster and easier.
To explain this concept and implementation, the paper is organised in the following way. First of all a short summary of related work is presented. Section 3 presents the methodology of the approach with subsections presenting major modules required for ordered navigation. Experimental results of simulated environment and real environment are being discussed in Sect. 4. Finally at the end, conclusion and future work are presented. Tele-presence has been studied by many research groups to monitor the health conditions of an elderly person. It can be achieved by mounting cameras in the house environment for fall or emergency detection. For example [3] , is one of the solution that may allow a remote caregiver to analyse the situation. But the number of cameras to cover the complete home area and the expense of altering the environment is quite high. Tele-presence can also be achieved by using a mobile robot controllable by the helping personnel to drive around the home and look for the elderly person (for example see [4] ). As discussed in [6] the Position Point approach for navigating the robot through the house environment is more comfortable to the users who are less trained for handling robots as compared to Way Point approach. This difference between expert navigation and novice navigation can be reduced by letting robot decide the order of destinations to follow.
In a typical ofce environment the ordering of navigational tasks is simple and straight forward. As mentioned in [2] , order all the tasks from the current position to the far most position. In contrast, a home environment poses many restrictions on the robot navigation like some places are easily reachable by the robot and some places are hard to access. Therefore all these destinations cannot be treated equally and navigational tasks cannot be sorted just based on distance closeness. Moreover, the effective usage of battery is an important aspect of robotics [8] and ordering of navigational tasks can also help in reducing energy consumption by effectively moving between the destinations. [11] has used Dijkstra cost matrix to compute the cost of each task and then formulated the problem in Traveller Salesman Problem to obtain the solution. But they have pre-dened tasks and once an execution starts, any change in destination is not accommodated.
In the following, a novel method for ordering the tasks based on the navigational cost calculated using the information from the known map is being presented. The approach takes into account the obstacles in the environment and caters for the dynamic addition and removal of the tasks.
Methodology
The approach to address the issue of ordering random tasks, given by the remote person, is based on the usage of information generated by the mapping module ! . An overview of the methodology is shown in Fig. 2. 
Mapping and Localisation
In order to reach destinations provided by the user, ARTOS need to know the working environment. As discussed in [7] , two forms of maps are being generated using laser scanner and the sonar sensors. These maps are merged together in a global map to generate the complete information of the environment. The localisation in the environment is achieved using differential odometry and is improved by reading passive RFID tags installed under the carpet.
! Detailed discussion about Mapping and Navigation can be found in [7] 3.2 Navigation and Path Planning ARTOS can be tele-operated by caregivers to inspect the elderly person at home. There are two ways to control the robot remotely. One way is to use the joystick, provided in the graphical user interface, and the other is to opt for Position Point approach and give destination points by clicking on the 2D map of the environment. ARTOS can navigate autonomously in the environment. The Local Path Planner searches the path between the obstacles using A* algorithm to generate the smallest possible path between two points. This information is used by Point Approacher to reach the destinations. During navigation, Elastic Bands [10] are being used to keep the robot away from the obstacles. The Local Path Planner also updates the path after certain time to accommodate the movement of the robot and newly detected obstacles in the dynamic home environment.
3.3
Ordering of Navigational Tasks
In the scenario of nding the elderly person in the house by the remote caregiver, Position Point approach can be used and multiple destinations can be given to search the inhabitant of the house. To accommodate this need, ARTOS is made capable of handling multiple navigational tasks. These tasks can be random destinations in the home environment. While performing these multiple tasks, it is possible that two tasks are close together and can be performed in the same run but the intermediate task between these two tasks is far away and causes the robot to move from the closest tasks to a far away task rst and then come back to perform the other task. The overall time taken to complete all the tasks gets better if these tasks are re-ordered and then performed. This approach will save considerable time of navigation and increase the throughput of the tasks. Using Euclidean distance is of limited help in unstructured and dynamic home environment. Moreover, the close destinations (Distance Closeness) might not be close (Navigational Closeness) for the mobile robot. Consider Fig. 3 where the robot has to move from current position to the destination. The distance between the points is 4 units but for mobile robot Navigational Distance or Navigational Cost can be 8 units as it has to circumvent the obstacle. Therefore for a home environment, the robot should consider the obstacles in-between to compute the Navigational Cost for reaching the destination.
Maintaining costs " between points as matrix will not help in home environment since the map is updated continuously. Therefore, it would be benecial to include the updated obstacles information every time when the cost needs to be calculated.
The idea is to order the tasks based on the Navigational Cost determined by the Global Path Planner. The Global Path Planner examines the grid map and determine the shortest path from start point s to end point d using A*-Algorithm. The algorithm computes the cost by traversing cell by cell in the grid, starting from s, until a path to d has been found. In each processing step, the cell with the lowest cost is chosen as next cell to be processed. The cost f (x) for a cell x is calculated as is the current distance from start point to the current point and h(x) is the estimated distance from current point to the destination. The computed cost is assigned to the destination. This cost is computed for every destination d i taking s as the source. The destinations are then sorted based on minimal cost. After reaching destination d j , the current point is treated as the source and the cost of remaining d i− destinations are computed and sorted. For closely situated destinations the cost is still low as in case of Euclidean based cost function, but in case of not too close destinations, it will vary depending on the obstacles placed in the environment. The algorithm for ordering the tasks is dened in Algorithm 1. The dynamic addition and removal of tasks has been implemented as follows:
Add a New Task. Whenever a new task is added, it is assigned a maximum cost and is placed at the end of ListOfTasks. Afterwards, the cost to reach the new task is calculated from the current task that is being performed. Once the cost is calculated and assigned, the ListOfTasks is sorted based on the minimum cost values.
Remove a Task. Removing or cancelling a current task suggests to stop executing the prevailing task and move on to the next task. Since the ListOfTasks is sorted based on the Navigational Closeness to the current task, the next task to perform will be the one which is closest to the current task.
Next Task to Perform. After completing a task, the next task in ListOfTasks is selected and the cost of all the tasks is updated from the new task. This is also required as some changes in the environment might have been recorded in the map and therefore path information needs to be updated. 
Experiments and Results
The algorithm has been tested in simulation and in real environment. The results of both the environments are discussed in the following subsections.
Simulated Environment
The simulation, of a real apartment developed in Fraunhofer -Institut fuer Experimentelles Software Engineering (IESE), is shown in Fig. 4 , where red cells show the obstacles and orange cells represent the neighbourhood of obstacles. The task of the robot is to reach two destinations namely B, a destination in the Bed Room, and C, a destination in the Living Room, starting from A, a start location near the entrance, as marked in Fig. 4 . The coordinates of A, B and C are (1500, 900), (1500, 5500) and (5000, 5500) respectively.
The path followed using Euclidean distance based task organisation results in A to B to C, since A to B is least distance cost. This cost function does not take into account the walls or obstacles between the path. The average time to complete the tasks comes out to be 78330 ms.
The same source and destinations were used for ordering the navigational tasks using the information from the Global Path Planner. A higher navigational cost is assigned to reach B as compared to C and, therefore, C is performed earlier resulting in total average time of 55140 ms which is about 29% improvement over previous results.
Home Environment
The algorithm was also tested in the real home environment at IESE, shown in Fig. 5 . The map of the environment as generated by the robot marking obstacles is depicted in Fig. 6 . As can be seen, the real environment is cluttered with obstacles giving a limited room for robotic navigation. To ensure consistency, same locations A, B and C are being used as described above. The path followed using Euclidean distance based cost results in A to B to C with distances as given in Table 1 . Here it is clearly visible that no account of obstacles in the environment has been taken and the cost remains the same as in simulated environment where there were less obstacles than the real environment. The average total time to reach the destinations is 173500 ms (see Table 1 ). The Navigational Costs determined by the Global Path Planner, on the average, are given in Table 2 . The robot follows from A to C and then C to B. The average time required to complete all the tasks is given in Table 2 . The total time to complete both the tasks is 95440 ms, a signicant (about 44%) improvement over 173500 ms.
In many other experiments conducted in the home environment, the total time to complete navigational tasks by ordering the tasks using Global Path Planner was better or equivalent to ordering of tasks using Euclidean based cost.
Conclusion
This paper focuses on ordering the navigational tasks for the user to optimally control the robot by considering unstructured obstacles in the environment. The algorithm developed uses A* algorithm to compute the Navigational Cost for navigating from source to destination taking the obstacles, in the environment, into account. The tasks are performed depending on the Navigational Cost. Experimental results show a significant improvement in time while performing multiple tasks. Moreover, the tasks can be added and removed at anytime without intensive computation or re-planning and also ensuring that the tasks remain ordered and smallest cost tasks are performed earlier.
Future Work
Based on the ordering of navigational tasks using map of the environment, the algorithm will be enhanced to order the tasks not only on the basis of Navigational Cost but also on the basis of priority. The priorities will make certain tasks more critical and urgent to perform than others. This will enable the robot to perform even more better to the user responses.
